
AD-A179 839 SITEI-RESO Vj DVNAMI SO O#4- MOLCEgJRRA IN A I/L
FLRbW NO AF ELu( U) COOLJHP UIUDUL

82LEONE f AE 27 Ou A 0OSR-TR- 6-89
UNCLASSIFIED U46 -3 813 FC4I M

F/G4/ M



lu W I!.22

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU Of STANDAR
DS

-
9 63

-
A



Unclassified DEC 1 2 1985
SECURITY CLASSIFICATION OF THIS PAGE (Man Date Ent*r)

REPORT DOCUMENTATION PAGE BRAD STRUCTIOS
BEFORE COEPL.ET[ING FORM

1. REPORT NUMBER ' " [i. GOVT ACCESSION NO 3. RECIPIENT'S CATALOG NUMBER -

14. TITLE (and SubtUs) S. TYPE OF REPORT 6 PERIOD COVERED

State-Resolved Dynamics of Ion-Molecule Final Technical Report
October 1, 1982-Sept. 30, 1985

0') Reactions in a Flowinq Afterglow S. PERFORMING ORG. REPORT NUMBER

0 7. AUTHOR() S. CONTRACT OR GRANT NUMBER(e)

Steohen R. Leone F49620~83-C-0013
O Veronica M. Bierbaum

G. Barney Ellison
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

The Regents of the University of Colorado IAEA !sWORK UNIT NUMBERS

Campus Box B19 g 0cw

Boulder, CO 80309 ?30.316 /
O I. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Air Force Office of Scientific Research November, 27 1983
Directorate of Chemical and Atmospheric Sciences I. NUMEROF PAGES

Bolling Air Force Basp. Washinaton. DC 20332 17
Is. MONITORING AGENCY NAME & ADOR.SS(itf differn firm Controlfib Office) IS. SECURITY CLASS. (of thie report)

Unclassified
Ism. DECL ASSIFICATION/DOWN GRADING

SCN EDULE

1i. DISTRIBUTION STATEMENT (ofdtlte Report)

Approved for public release; distribution unlimited. D T IC
0ELECTE%,AUG 1 2 @o

17. DISTRIBUTION STATEMENT (of the abeireol entered In Block 20. It different from Report)

-StD
IS. SUPPLEMENTARY NOTES

The views and conclusions contained in this document are those of the authors
and should not be interpreted as necessarily reoresenting the official poli-
cies or endorsements either expressed or implied, of the Air Force Office of
Scientific Research or the U.S. Government.

19. KEY WORDS (Centinue on rerese id it neeosary and identity by block number)

Ion-molecule reactions Vibrational distribution
Infrared chemiluminescence Rotational distribution
Visible chemiluminescence Velocity distribution
Laser-induced fluorescence

\ Flowina afterglow ,
M2S,."TRACr (Qumme em oem da N e$@t.W and %mtby m bleck Own&-e)

I An extensive set of studies was undertaken utilizinq infrared chemilumines-
2cence, visible chemiluminescence and laserlinduced fluorescence detection to

explore the dynamics of ionimolecule reactions in a flowinq afterglow appara-
tus. Detailed product vibrational state distributions were determined for a
variety of reactions includinq heavy atom transfer in polyatomic systems,
charge transfer reactions and proton transfer reactions. Absolute branching
ratios for production of electronically excited oxygen atoms were measure o )ve '_ -

SIDO 1073 E €, Tno 9 mov Bo is oLtr Unclassified
SECURITY CLAS-IFICAOfi TIS PgE ("slT an-T 5 0

'0



20. Abstract (cont'd.)

\ for a reaction of atmospheric importance. The rotational state distribution
of an ion in an electric drift field has been characterized and a study of
the velocity distribution has been initiated.

- Axe



AFOSR-TR. 86 -O05922

Table of Contents

Page

A. Objectives of the Research. .. .. ..... ... .... ... 3

B. Status of the Research Effort. .. . ... ..... ...... 4

1. Heavy Atom Transfer in Polyatomic Systems .. .... .... 4

2. Charge Transfer. .. . ... ..... ... ... ..... 5

3. Proton Transfer. .. . ... ..... ... .... .... 7

4. Reactions of Atmospheric Importance. .. .... ....... 8

5. Characterization of Ions in Electric Drift Fields . . . . 9

C. Publications .. .. ..... . ... ..... ... ....... 13

D. Professional Personnel Associated with the Research.......15

E. Professional Interactions .. .. ... ... ..... ..... 16

Acce.ioa For

NTIS CRA&I
IDTIC TAB
U. annrcxmced

Ju! tifictjo,,.....



-3-

A. OBJECTIVES OF THE RESEARCH

An extensive set of studies was undertaken utilizing infrared chemilumi-

nescence, visible chemiluminescence and laser-induced fluorescence detection

to explore the dynamics of ion-molecule reactions in a flowing afterglow

apparatus. Detailed product vibrational state distributions were determined

for a variety of reactions including heavy atom transfer in polyatomic sys-

tems, charge transfer reactions and proton transfer reactions. Absolute

branching ratios for production of electronically excited oxygen atoms were

measured for a reaction of atmospheric importance. The rotational state dis-

tribution of an ion in an electric drift field has been characterized and a

study of the velocity distribution has been initiated.

AIR FO4V OFFICE OF SCIENTIFIC RESEARCH (AFSC)
O TICE OF h M' T7TAL TO DTIC

This teelLnical report has been reviewed and is
approved for public reese IAW AIN 190-12.
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B. STATUS OF THE RESEARCH EFFORT

1. Heavy Atom Transfer in Polyatomic Systems

Published results: "Vibrational Energy Disposal in Polyatomic Ion-

Molecule Reactions: SF6- + H,D + SF5" + HF(v),DF(v)," C. E. Hamilton, V.

M. Bierbaum and S. R. Leone, J. Chem. Phys. 80, 1831 (1984).

Summary of Research:

Vibrational state distributions of the SF6 " + H,D + SF5" + HF(v=0-1?),

DF(v=O-17) ion-molecule reactions were investigated with the flowing afterglow-

infrared chemiluminescence technique. The nascent distribution for the hydro-

gen reaction is (O.OO)v=1:(O.1 7)v=2:(O. 30)v=3:(O.2 4)v=4:(O.13)V=.:(n.l1)v=:

(0.05)v=7 and for the deuterium reaction is (O.O)v=1:(O.O6)v=2:(O.11)v=3:

(0.14)v=4:(O.1 4)v=5:(O.2 3)v=6:(O.15)v=7:(O.O8)v=8:(O.O9)v=q . The fractions

of the available energy deposited into the HF and DF vibrations are 0.37 and

0.38, respectively. The distributions do not show the characteristics of a

statistical distribution that might be expected if a long-lived complex occurs

in the reaction. Instead, the distributions show a moderate amount of vihra-

tional excitation due to an initial attractive energy release. Since the

fraction of the available energy deposited into the diatomic vibration corre-

lates well with the attractive energy release in L + HH' systems, a larger

fraction of the energy is released as repulsion during S-F bond scission,

favoring product translation and SF5 vibration. The collisions are most

likely direct with negligible effects due to secondary encounters.
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2. Charge Transfer

Published results: "Product Vibrational State Distributions of Thermal

Energy Charge Transfer Reactions Determined by Laser-Induced Fluorescence:

N+ + CO + CO+(v-O-2) + N," C. E. Hamilton, V. M. Rierbaum and S. R. Leone,

J. Chem. Phys. 83, 601 (1985).

Summary of Research:

The nascent vibrational state distribution of the N+ + CO + CO+(v=n-?) + N

charge transfer reaction was measured at thermal energy. The reaction was

carried out in a flowing afterglow and the vibrational state populations were

determined by laser-induced fluorescence on the CO+(A 2,-X2E+) system. The nas-

cent vibrational state distribution for the N+ + CO reaction is (0.71±o.n5)v=n:

(O.27±O.O4)v=l:(O.O2±O.O1)v=2. The observed vibrational distribution suggests

that neither a long-range Franck-Condon mechanism nor an energy resonant

process adequately describes the charge transfer reaction. A dual channel

mechanism of the reaction is considered, in which a fraction of the reactive

collisions proceed by a long-range Franck-Condon mechanism while the remainder

proceed via a long-lived NCO + intermediate. The intermediate may lead to the

observed extent of CO+ vibrational excitation either through statistical par-

titioning of the energy or by dynamical changes in the CO bond length through

specific molecular orbital occupancies.
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Published results: "Product Vibrational State Distributions of Thermal

Energy Charge Transfer Reactions Determined by Laser-Induced Fluorescence

in a Flowing Afterglow: Ar+ + CO + CO+(v=O-6) + Ar," C. E. Hamilton, V.

M. Bierbaum and S. R. Leone, J. Chem. Phys. 83, 2284 (19R5).

Summary of Research:

The Ar+ + CO + CO+ (v=O-6) + Ar charge transfer reaction was studied at

thermal energy in a flowing afterglow and the vibrational state distrihution

was determined by laser-induced fluorescence on the CO+(A2-TrX 2 F+) bands. The

nascent vibrational state distribution is (O.06±O.04)v=O:(n.n7±O.02)v=l:

(o.o9±o.O2 )v=2:(O.15±O.O3)v=3:(O.21±O.O3)v=4:(O.27±0.02)v=5:(O.15±O.n?)v=6.

The rate constant for CO+(v=4) deactivation by CO was measured to he 6.0±?.5 x

10"10 cm3 s-1 ; the similarity of this rate constant to that for CO+ (v=1) deac-

tivation by CO (5.0±2.OxlO10 cm3 s- ) suggests that vibrational deactivation

proceeds by a charge transfer mechanism. The Ar+ + CO reaction is described

as proceeding via a bent ArCO + intermediate that forms in a side-on attack.

Vibrational excitation may then result from delocalization of the bonding

electron density of CO and the corresponding dynamical changes in the CO bond

length in the intermediate.
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3. Proton Transfer

Published results: "Flowing Afterglow Infrared Chemiluminescence Studies

of Vibrational Energy Disposal in the Ion-Molecule Reactions F- + HBr,lBr +

HF,DF + Br-," A. 0. Langford, V. M. Bierbaum and S. R. Leone, J. Chem. Phys.

83, 3913 (1985).

Summary of Research:

Product vibrational state distributions for the ion-molecule reactions

F- + HBr,DBr + HF(v<4),DF(v<6) + Br- were determined using the flowing after-

glow infrared chemiluminescence technique. The nascent distributions are

(0.09±o.04)vz1:(0.29±0.04)v=2:(0.34O.0 4)v=3:(.28±.O 4)v=4 for the HF

product, and (0.05±0.04)v=1:(O.12±0.04)v=2:(O.160.O4)v=3:(O.25±O.n4)v=4:

(0.22±O.04)v=5:(O.20±0.04)v=6 for the DF product. The fractions of the

available energy deposited in product vibration are 0.60±0.04 and n.63±0.ns

for the proton transfer and deuteron transfer reactions, respectively. A

surprisal analysis suggests that less than 5% of the product molecules are

formed in v = 0. The HF distribution is somewhat hotter than that reported

previously, while the DF distribution was measured for the first time. Both

distributions are remarkably similar to those reported for the analogous neu-

tral processes, which suggests that direct collisions dominate the reactive

encounters despite the presence of a deep attractive well in the potential

surface for the ion-molecule reactions.
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4. Reactions of Atmospheric Importance

Published results: "Auroral Implications of Recent Measurements on O(S)

and O( D) Formation in the Reaction of N+ with 02," A. 0. Langford, V. M.

Bierbaum and S. R. Leone, Planet. Space Sci., in press.

Summary of Research:

Recent flowing afterglow measurements have shown that the reaction of N+

with 02 produces 70 ± 30% of the oxygen atom product as O('fl) and <n.1% as

0(1S). These results indicate that this reaction does not contribute to the

auroral green line emission (5577 A), but can account for -1(1% of the observed

red line (6300 A) auroral emission.

Published results: "Branching Ratios for Electronically Excited Oxygen

Atoms Formed in the Reaction of N+ with 02 at 300 K," A. 0. Langford,

V. M. Bierbaum and S. R. Leone, J. Chem. Phys., in press.

Summary of Research:

Absolute branching ratios for production of O(3P), O(1D), and O(1S) in

the reaction of N+ with 02 were measured using the flowing afterglow/visible

chemiluminescence technique. The 0(1S) product was monitored by the 0(is)-

O('D) emission at 557.7 nm. The 0(1D) product was monitored via sensitized

fluorescence at 760 nm from 02(bIr+) formed by energy transfer from 0(10) to

02(X
3Eg). Absolute o(1D) and 0(1S) yields of 70 ± 30% and <0.1%, respec-

tively, of the total atomic oxygen product were inferred by comparison to the

known 0(1S) and 02(
1E) emission intensities from the reaction of Ar( 3P) with

02. The low 0(1S) yield was also obtained directly from the relative O(1S)
1++

and 02(zg) emission intensities from the N + 02 reaction.

2( m9 m 2m lbmmmm mi
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5. Characterization of Ions in Electric Drift Fields

Published results: "Laser-Induced Fluorescence Studies of Ion Collisional

Excitation in a Drift Field: Rotational Excitation of N2+ in Helium,"

M. A. Duncan, V. M. Bierbaum, G. B. Ellison and S. R. Leone, J. Chem.

Phys. 79, 5448 (1983).

Summary of Research:

Results are presented for a new method of studying collisional excitation

and deactivation processes of molecular ions. Translationally excited ions

were prepared in the uniform electric field of a drift tube. Collisions with

the inert buffer gas lead to rotational excitation (T-R). Laser-induced fluo-

rescence (LIF) was used as a direct optical probe of the internal states of

N2+ using the B 
2 " X2E transition at 391.4 nm. In this initial experiment,2 u g

rotational excitation was observed for in collisions with helium at ener-

gies up to 0.054 eV (c.m.). The rotational state distrihution can be descrihed

by a Boltzmann temperature corresponding to the center-of-mass collision energy,

in good agreement with theory. Approximately ten collisions or less are re-

quired to obtain full equilibration of the rotational distribution.

Current Studies:

In the last year, with AFOSR support for a cw dye laser system, we have

begun a program to experimentally measure the velocity distribution of ions in

well-characterized electric drift field regions. We have purchased and in-

stalled an argon ion pump laser and single mode ring dye laser manufactured by

Coherent Radiation. This new laser system has been coupled to our flow-drift

apparatus which has fluorescence detection capabilities. This device incor-

porates a highly uniform drift field region and has optical ports for axial

and transverse excitation of ions by laser-induced fluorescence. In order to



-10-

preserve field uniformity, the optical access port regions are kept to a mini-

mum and are covered with a fine wire mesh. Velocity distributions are obtained

by scanning velocity profiles of the ions with the tunable single frequency

laser used in the laser-induced fluorescence mode; the Doppler broadened line-

shapes obtained with this 1 MHz bandwidth laser directly give the ion velocity

distribution. In addition, the high average power and continuous duty cycle

of the cw laser system provide the greatly improved signal-to-noise necessary

to carry out these difficult studies. The cw laser also improves our detec-

tion capability by three orders of magnitude for other experiments involving

species that can be excited in the visible region of the spectrum.

Figure I shows a narrow slice of the laser-induced fluorescence spectrum

for N2
+ (A2it -X2 E+) obtained in preliminary experiments at thermal energy with

this newly coupled flowing afterglow-laser system. The (4,0) transition is

pumped and the (4,1) fluorescence is monitored. The signal-to-noise is excel-

lent even though several experimental parameters were not yet optimized-, for

example, an improvement of a factor of one hundred can be anticipated by em-

ploying a photomultiplier tube with higher sensitivity in this wavelength

region and by aligning the phototube slit along the laser axis. The N2 +

spectrum of Miller et al. (T. A. Miller, T. Suzuki and E. Hirota, J. Chem.

Phys. 80, 4671 (1984)) in this same region is given at the top of the figure

for comparison. The observed linewidth (0.0396 cm"1 ) is in good agreement

with the calculated Doppler width (0.0382 cm- 1). It is clear that the ulti-

mate sensitivity and resolution of this system is superb. It will therefore

also be possible to extend our previous studies of internal excitation of NP+

in an electric drift field to higher energies where higher rotational excita-

tion and some vibrational excitation may be induced: the original work was

limited by reduced signals at high field strengths. It will be important to
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Fig. 1. Portion of laser-induced fluorescence spectrum of the N2+(A2. -X2r+

system near the R, bandhead. Top spectrum is from Miller et al." g
middle and bottom spectra represent recent results from our
laboratory.
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determine whether the theory of Viehland et al. (L. A. Viehland, S. L. Ltin and

E. A. Mason, Chem. Phys. 54., 341 (1981)) continues to be valid at large values

of E/N. This theory predicts that molecular ions drifted in an atomic huffer

gas will reach an effective internal temperature corresponding to the center-

of-mass collision energy.

II
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